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Abstract
Prosthetic arthroplasty may be a life changing event for better or worse. The
integrity of bone cartilages such as the lateral and medial meniscus found between the
femur and tibia may degrade over time due to natural causes which may eventually result
in bone on bone exposure causing excruciating pain. Prosthetics are used to replace the
cartilage and bone damage using femoral and tibial component and a plastic spacer. A
small percentage of all orthopedic replacement surgeries may lead to infections. These
infections are caused by biofilm forming bacteria which allows bacteria to attach to
abiotic surfaces and mature as a colony with increase resistance to stress so it can
eventually disperse and continue propagating. This particular study focuses on a novel
solution in targeting prosthetic joint infections by evaluating antimicrobial properties of
green tea polyphenols (GTP) and its derivatives, epigallocatechin gallate (EGCG),
lipophilic tea polyphenol (LTP) and epigallocatechin gallate-stearate (EGCG-S), on
bacteria species common in prosthetic joint infections such as Pseudomonas aeruginosa,
Staphylococcus aureus, and Staphylococcus epidermidis. Crystal violet and Congo red
assays were used to quantitatively and qualitatively were used to assess the properties of
tea polyphenol derivatives on the gram-negative and gram-positive bacteria known in this
study. The results indicate that each tea polyphenol derivative alone have strong
inhibitory effects on inhibiting biofilm formation, particularly EGCG-S and LTP at a
dose-dependent relationship. The colony forming unit evaluation suggests that both
EGCG-S and LTP can reduce the cell viability of all three bacteria, particularly well at a
concentration of 250ug/mL at 96-100% inhibition. Microscopic observations using
scanning electron microscopy and fluorescent microscopy reveal changes to the
morphology, reduced cell density and reduced cell surface integrity. When the bacteria
were observed in a competitive growth study with each species, results were similar in
biofilm inhibition at 96-100% and cell viability at 72-99% which suggests that EGCG-S
and LTP may be a potential solution in targeting majority of bacteria species found in
prosthetic joint infections. The current infected prosthetic irrigation and debridement
protocol was also tested against tea polyphenol derivative and results show at a
concentration of 250ug/mL of EGCG-S is as effective as the current concentration of
antibiotics used. Overall, these results indicate that the nature derived compound known
as EGCG-S and LTP may be useful as an antimicrobial agent on bacteria species most
common to prosthetic joint infections. The results suggests that EGCG-S can be used as
an antimicrobial agent to prevent infection at the primary stage of recovery during initial
wound closure to reduce or eliminate acute infections. This may also be implemented into
treating chronic infections to reduce patients reentering surgery for second stage implant
removal which could ultimately lead to complications under anesthetics, during surgical
operations, and recovery.
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Introduction
A. Prosthetic Joint Infections
Orthopedic surgeries have successfully given patients the ability to maintain daily
activities that has been otherwise hindered by orthopedic pain. Such surgeries have
replace natural components of the human anatomy with additions of prosthetics to aid
patients in pain management and mobility. Over the course of human life, tissues and
cartilages begin to degenerate, particularly in highly active areas of the human body such
as the joints. In 2010, United States had over 1 million total knee and hip arthroplasties
and the number is continue to project to nearly 5 million by 2030 (Tande and Patel 2014).
The statistics only limited to hip and knee replacements, not including shoulder, elbow
and ankle replacements. With increasing surgical intervention, there is also a direct linear
increase in prosthetic joint infection (PJI). The annual PJI in the United States from total
hip and total knee arthroplasty has increased from 1.99 to 2.18% and 2.05 to 2.18%,
respectively (Tande and Patel 2014). In addition, the highest rate of PJI in patients occur
within the first two years post-operatively where 60-70% of infections occur (Tande and
Patel 2014). The rate of total prosthetic joint infections does not only pertain to the rate of
surgical intervention but endogenous factors may play a role. As modem technology
continues to innovate new ways to prolong human lives, other physiological factors are
also affected. Patient dietary composition, physical activity level and personal decisions
may all play a role in rate of PJI.
Endogenous risks factors such as diabetes, obesity immunosuppression,
rheumatoid arthritis, bacteriuria and other chronic infections have all known to be
associated with PJI (Banke et al. 2015). Exogenous factors such as blood transfusion,
hypothermia and extended duration of surgery are also known to be associated with PJI
5

(Banke et al. 2015). Some factors may surgically linked in terms of increasing risks of
infection. A high BMI of 35 could induce longer operative duration and presence of other
comorbidities while a lower BMI of less than 25 could lead to lack of nutritional reserve,
immunosuppression and rheumatoid arthritis (Tande and Patel 2014). Other endogenous
factors such as diabetes and rheumatoid arthritis have also been directly linked to
increase PJI. Recent studies show that patients with perioperative hyperglycemia have
been known to have increase risks of PJI, with or without diabetes which suggests
increase glucose levels may have a positive influence in increase biofilm formation,
impaired leukocyte function and microvascular changes (Tande and Patel 2014). Patients
with diabetes mellitus may have higher blood glucose levels and may carry these risks.
Impaired leukocyte function could disrupt the patient’s ability to recover from a minor
bacterial load while microvascular changes could disrupt proper wound healing thus
permitting bacterial load into the wound site. Rheumatoid arthritis have also been linked
with increase PJI by nearly 2.3% increase (Tande and Patel 2014).
Most recently, the Infectious Disease Society of America have published
guideline in managing PJI and they focused specifically on management of commonly
associated infectious pathogens such as staphylococci, streptococci and select aerobic
Gram-negative bacterial species (Shah et al. 2015). Among the different species, some
species may have more pathogenic capabilities than others. Infection rates are
significantly higher given the same species and bacterial load when comparing native
joints versus arthroplasty joints. Staphylococcus aureus at <102 colony forming unit,
CFU, is sufficient to establish an infection in a hip hemiarthroplasty of a rabbit model but
104 CFU is required when there is no implant (Tande and Patel 2014). Depending on the
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volume of the initial bacterial load, the time required for infection to establish itself could
vary. Early-onset PJI that occurs less than three months after surgery is commonly
initiated during intraoperative contamination (Tande and Patel 2014). Delayed-onset PJI
are considered when infection occurs after 3 months to 2 years which is usually caused
by less virulent pathogens and late-onset PJI is considered when infections occur after 12 years of surgery which is commonly due to hematogenous infection (Tande and Patel
2014). Hematogenous infection occurs through the blood circulation of the bacterial load
which delays onset of infection. However, as previously states, when a foreign object is
present in the body such as an implant, it can significant increase rate of infection
exponentially. Staphylococcus aureus bacteremia is associated with 30-40% of
hematogenous infections in arthroplasties while the rate of infections in native joints is
about 3-10% with Staphylococcus aureus bacteremia (Tande and Patel 2014).
The main component that cause infections in arthroplastic surgeries is the ability
for infectious pathogens to adhere to the prosthetic and producing biofilm. Biofilm are
made up of complex communities of microorganisms embedded in an extracellular
matrix composed of polysaccharides, proteins and/or extracellular DNA (Flemming, Neu
and Wozniak 2007). One study showed that in S. aureus biofilms, a gene known as cidA
controls cell lysis but also plays a significant role in the process of biofilm development
and releasing genomic DNA which serves as an important structural component in
biofilm (Rice et al., 2007). Another study on P. aeruginosa found the extracellular DNA
found in biofilms were derived from whole genomic DNA played a role in forming grid
like structures in biofilm and functioned as an intercellular connector and stabilizing role
in biofilm matrix (Allesen-Holm et ah, 2006). The release of extracellular DNA is
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regulated through quorum-sensing systems as well as iron regulation (Yang et al., 2007).
This suggests that multiple systems regulate the structural integrity of biofilm matrix to
facilitate in regulating biofilm stability. Additionally, the extracellular matrix components
are known to interact with each other. For example, membrane vesicles acts as parcels
that gets sent into the biofilm matrix containing specific enzymes and nucleic acids to
enhance gene exchange, degrade polymers, provide nutrients, bind to extraneous
components, and enhance resistance to inimical agents (Schooling and Beveridge 2006).
The complex interaction of cells living in the biofilm matrix has provided doctors and
researchers an unrelenting puzzle to solve. However, understanding each step of biofilm
formation allows a better overall understanding of the mechanism of biofilm which may
ultimately facilitate researchers in resolving a solution to target biofilm. There are several
stages of biofilm growth which includes attachment of an abiotic or biotic surface,
growth on surface, maturation, and detachment seen on Scheme 1.

Schemel. Process of biofilm maturation stages retrieved from Rendueles and Ghigo
2012 .
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Once biofilm have matured, the microbial cells in the population may communicate via
quorum sensing which allows different subpopulation to function uniquely which
ultimately supports the entire matrix analogous to a multicellular organism (Tande and
Patel 2014). The quorum sensing and different sub population allows the biofilm matrix
to persist through host immune system and treatment. The communication between cell
to cell and the extracellular matrix enhances attachment and resistance capabilities under
unfavorable conditions. Biofilm matrices are dynamic and may change to become more
resistant in response to stress such as antimicrobial agents. Biofilm-grown bacteria may
develop a biofilm-specific biocide-resistant phenotype and due to its heterogeneous
nature, there may be multiple resistance mechanisms within a single community (Mah
and O’Toole 2001). Bacteria may employ other strategies such as mutation and
phenotypic variation which allows them to persist. Persister cells have displayed
heterogeneity and tolerance to various antibiotics and through transcriptome analysis,
these cells are seen to have a reduction in gene expression associated with metabolic
pathways, biosynthesis pathways, and energy production (Yang et al. 2015).
Additionally, persister cells are more prevalent in biofilms than planktonic cultures and
are known to be responsible for many chronic infections such as cystic fibrosis, chronic
wound treatment and are higher tolerant against antibiotic treatment (Yang et al. 2015).
Planktonic bacterial cells may facilitate in the spread of biofilm growth, toxins and
infections to other parts of the body, but cells within the biofilm matrix are much more
aggressive than planktonic cells. Altogether, biofilm formation poses a risk for managing
infections that patients may develop and could persist after initial antibiotic treatment and
lead to chronic infections.

9

2. Current Standard Protocol for Irrigation and Debridement for PJI
Currently, a two-stage re-implantation of the hip or knee has been proven to be
the most successful method of treating PJI of knee and hip replacements (Wilde 1993).
Previous methods consist of treating the infected joint with antibiotics but has proven less
effective. Debridement of the hip or knee joint using intravenous antibiotics while
retaining the prosthetic has only been successful 18-40% of cases (Wilde 1993). In
comparison to two-stage re-implantation of the hip or knee prosthetic, success rate of
eradicating the infection has been much higher. In knee and hip infections, two-stage re
implantation success rate is 80-97% and 83-87%, respectively (Wilde 1993). However,
modem day clinical settings is currently advocating for more noninvasive procedures so
some clinics may not support re-implantation. Other options include a regimen of
debridement, antibiotics, irrigation and retention of the prosthetics to treat acute
infections also known as DAIR (Kuiper et al. 2013). In 91 patients treated with DAIR
(debridement, antibiotics, irrigation and retention) for knee and hip PJI between 2004 and
2009, 60 patients were free of infection after an average of 3 years follow-up while
factors associated with failure include a history of rheumatoid arthritis, late infection, and
infection caused by coagulase-negative Staphylococcus (Kuiper et al. 2013). Different
species may present to be more persistent to treatment than other species and not all
infections are monomicrobial. When more than one species are present in the culture, it
could present more challenges to treat the infection. Majority of PJI’s are caused by
gram-positive cocci such as Staphylococcus aureus and coagulase-negative
Staphylococcus while others could be gram-negative bacteria and fungi and a 19% of
PJIs are polymicrobial (Aggarwal et al. 2013). Altogether, staphylococci species and
gram-negative bacilli together contribute to 60% of acute infections (Tande and Patel
10

2014). These infections can be detrimental for patient rehabilitation, blood loss, time
under anesthesia, and hospital/insurance cost. The economic impact of treating PJI to the
American health care system is estimated $566 million in 2009 and is expected to rise to
$1.62 billion in 2020 (Tande and Patel 2014). There is a high demand for finding a novel
solution to solving the crisis of PJI in patients; one that could eliminate the rate of
infections occurring intraoperatively.
3. Antimicrobial Properties from Green Tea Polyphenols
Green tea from the plant Camellia sinensis have long been studied for its
antimicrobial effects in pathogenic bacteria. In particular, green tea polyphenols known
as epigallocatechin gallate (EGCG) are known to have direct bactericidal properties and
the ability to have a synergistic effect with certain antibiotics (Blanco et al. 2005). Green
tea have compounds such as polyphenols, flavanols, flavandiols, flavonoids, and phenolic
acids which accounts for 30% of dry weight (Chacko et al. 2010). Green tea polyphenols
(GTP) are also known as catechins which can be further extracted into four kinds of
catechins such as Structure 1: epicatechin, epigallocatechin, epicatechin-3 gallate, and
epigallocatechin-gallate (EGCG) (Chacko et al. 2010). However, several studies has
analyzed the stability and bioavailability for the molecules and results varied. EGCG
seems to be less bioavailable than other green tea catechins and after 24 hours, plasma
levels of EGC, EGCG return to normal while ECG levels remained elevated
(Venkateswara et al. 2011). Similar study in cell culture systems revealed that EGCG is
not stable (Hong et al. 2002). The stability of green tea catechins also comes into
question, particularly EGC and EGCG but can be modified to increase stability (Chen et
al. 2003).
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Studies show that when EGCG derivatives are lipophilized, they can exhibit
greater antioxidant activity compared to EGCG itself (Zhong and Shahidi 2011). GTP in
contrast is considered to be hydrophilic or water soluble (Patel et al. 2011). Lipophilic tea
polyphenols (LTP) can be made through catalytic esterification of green tea polyphenols
(GTP) with hexadecanoyl chloride (Chen et al. 2003). EGCG-Stearate (EGCG-S), seen in
Structure 2, is a lipid-soluble derivative of EGCG (Paschalis and Vega 2015).
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In other words, GTP and LTP are both crude tea molecules with various catechins
but once it has been purified, EGCG and EGCG-S derivatives were used for this
experiment. These molecules along with LTP are sought in this research to analyze a
potentially more stable compound with the same antimicrobial properties as EGCG.
Studies in ocular staphylococcal isolates treated with 99% pure EGCG that
involves 12 Staphylococcal epidermidis and 8 Staphylococcus aureus species shows
EGCG may interfere with polysaccharides that form the glycocalyx to disrupt the
interaction with cell wall and can bind to peptidoglycan and breaking the integrity of the
cell wall using 125ug/ml to 500 ug/ml doses (Blanco et al. 2005). If EGCG can disrupt
the cell wall integrity of one of the virulent species found in PJIs, it could perhaps be a
novel organic treatment that has no known cytotoxicity or genotoxicity to prevent acute
infections. Disruption of cell wall integrity could produce weaker biofilm matrix and
obstruct quorum sensing and surface attachment thus amplifying current treatment for
PJIs. There may be a synergistic effect between using green tea polyphenols and current
DAIR methods to eradicate persistent infections in the long run to provide better patient
outcome. Further research must be emphasized to look for alternative organic treatment
methods to reduce the reliance on antibiotic uses.
Current research on alternative organic treatments have provided invaluable
information on how active chemicals from medicinal plants interact with microbes,
antimicrobial properties and cellular toxicity. Among these research areas,
epigallocatechin-3-gallate, EGCG, green tea’s most well-studied polyphenol, has been
shown to have many pharmacological activities including anti-carcinogenic, antiviral,
antibacterial and anti-inflammatory activity (Mukhtar and Ahmad 2000; Williamson,
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McCormick et al. 2006;; Zu and Yang et al. 2012; de Oliveira, Adams et al. 2013;
Steinmann, Buer et al. 2013; Chu, Adams et al. 2014; Fujimura 2015). For example,
tetracycline resistant staphylococcal isolates were seen to have improved susceptibility to
tetracycline after treated with 100 ug/ml, specifically the inhibition of specific efflux
pump Tet(K) (Roccaro et al. 2004). Another study further solidified the synergistic antistaphylococcal activity between antibiotic-resistant staphylococcal species and EGCG
with oxytetracycline; antibiotic-resistant species includes erythromycin, methicillin, and
tetracycline (Novy et al. 2013). Another study in gram-negative bacteria such as
Pseudomonas aeruginosa were shown to have modified its biochemical properties,
particularly in the biofilm tested through Raman spectrum (Jung et al. 2014). Other gram
negative species have also been conducted to evaluate EGCG’s antimicrobial activity. In
2014, Jeon et al. found epigallocatechin gallate and green tea extracts can inhibit E. coli
and Pseudomonas aeruginosa, with variable susceptibility to different concentrations. P.
aeruginosa, particularly, had a MIC range level between 200- 400 ug/ml and MIC for E.
coli were 400 ug/ml. Previously studies have shown variable results between gram
positive species and gram-negative species. According to Jeon et al. 2014, MIC of EGCG
against Staphylococcus aureus, Staphylococcus epidermidis, Staphylococcus hominis,
and Staphylococcus haemolyticus have reported to be 50-100 ug/ml while the MIC
against Klebsiella pneumoniae, Salmonella typhi, and Proteus mirabilis are 800 ug/ml. It
has been proposed that the underlying cause for EGCG’s mechanism is the negatively
charged EGCG combined with positively charged bacterial lipid polysaccharide
membrane produces hydrogen peroxide which could ultimately damage the bacterial
membrane (Jeon et al. 2014). Another proposed mechanism by the same study behind the
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different effects of gram-positive and gram-negative bacteria could be the presence of
strong negative charge of lipopolysaccharides on the exterior outer membrane of gram
negative bacteria (Jeon et al. 2014). The variable results between different gram species
are also seen prevalent in current medicine as different species of bacterial infections are
treated with different medications.
These studies suggest a synergistic relationship between EGCG and antibiotics
which could reduce the use and reliance of antibiotics. Ultimately, with EGCG as a novel
synergistic solution, scientists and doctors can rely less on antibiotics and reduce the
increasing antibiotic-resistant bacteria.
4. Objectives
1. Conduct a preliminary study on the effect of different green tea catechins on biofilm
forming bacteria related to prosthetic joint infections
2. Evaluate green tea polyphenols’ ability enhance current methods of infectious
prosthetic irrigation and debridement protocol
3. Identify a possible solution to eliminate acute infections and reduce the rate of
chronic infections
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Materials and Methods
1. Pre/Post-experiment Set up
Prior to the start of each experiment, coverslips and slides were exposed to
ultraviolet light for 20 minutes. The hood was wiped down with 10% bleach and
exposed to ultraviolet light for 20 minutes before and after each experiment.
2. Culturing Bacteria
Pseudomonas aeruginosa, Staphylococcus aureus, and Staphylococcus
epidermidis were grown and maintained on tryptic soy agar plates, individually.
Stock plates were maintain and restocked routinely and stored in the cold room
refrigerator at 4°C for future experiments. In case of contamination through purity
checks then bacterial isolations were performed.
a. Bacteria Isolation
Stock culture plates were isolated using discontinuous streak method on nutrient
agar plates before the start of every semester. Once an isolated colony was
determined, it was used to make a stock culture using continuous streak method on
new agar plates. The plates were then labeled and incubated at 37°C overnight. The
plates were then wrapped in parafilm and stored in the refrigerator for further
experiments.
b. Overnight Culture
1 liter of tryptic soy broth was prepared and 6ml were dispensed in 20ml glass
tubes on a rack and then autoclaved. Once autoclaved, the rack would be covered in
parafilm and store in the cold room at 4°C in a closed container.
The night before the experiment, bacteria cultures from stock plates would be
checked with simple stain to ensure there was no contamination. Using a wired loop,
16

the specific bacteria needed for the experiment would be streaked from the stock
plate, after it was flamed over the Bunsen burner, and then mixed into the overnight
culture broth. The name of the bacteria and the date would be labeled accordingly and
placed in the incubator overnight for next day experiment at 37°C. The sterility of
the overnight culture would be checked the next day before the start of the
experiment.

3. Media Preparation
a. Tryptic Soy Broth Preparation
Tryptic soy broth from Difco™ were prepared with 1L of deionized water and 30
grams of the medium in a flask. Once the tryptic soy broth and deionized water were
mixed evenly, the solution would be autoclaved at 121° for 15 minutes. Afterwards,
the solution would labeled along with the date and placed in the cold room at 4°C for
future use.
b. Nutrient/Mueller-Hinton/Congo Red Agar preparation
Nutrient agar from Difco™ was prepared with 30 grams and 1 L of deionized
water. Once the nutrient agar has been mixed accordingly with deionized water, the
solution was autoclaved at 121 °C for 15 minutes, and poured into individual sterile
plates. After the nutrient agar plates were solidified, they were placed under the hood
individually spread out and was exposed to ultraviolet light for 15 minutes. The plates
were then placed back into the plastic sleeves, sealed with tape, labeled, and were
transferred to the cold room at 4°C for future use.
Muller-Hinton from Difco™ plates were prepared with 1L of deionized water,
and 38 g/L of the medium and mixed thoroughly before placing the medium in
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autoclave at 121 °C for 15 minutes. The medium was then plated onto sterile plates
and packaged back into the original casing and stored in the cold room at 4°C for
future use.
Congo red agar medium from Sigma-Aldrich was prepared with 1L of deionized
water, brain heart infusion broth from Sigma-Aldrich at 37 g/L, sucrose at 50g/L, agar
No. 1 at 10 g/L, and Congo Red indicator at 8g/L. Congo red indicator was prepared
separated in an aqueous solution, other medium constituents were mixed evenly and
autoclaved separately. Once all solutions have been autoclaved at 121 °C for 15
minutes, Congo red solution was mixed evenly with the agar and plated in either 6
well plates, 24 well plates, or individual plates. Plates were stored in their respective
plastic casings and stored in room temperature for future experiments.
4. Simple Stain, Gram Stain, and Morphological Arraignment Analysis
a. Purity Check (Simple Stain)
Bacterial cultures were acquired from stock plates. A smear preparation was
aseptically performed by sterilizing a wired loop with a Bunsen burner until it was
orange then after letting it cool for couple of seconds, the wired loop was used to
swab a small sample from the culture stock and transferred onto a glass slide. The
smear was dried and then applied with couple drops of methylene blue dye. A clean
cover slip was obtained and placed on top of the dye. Bibulous paper was used to blot
dry the sample. Sample was observed under oil immersion at 1000X total
magnification.
b. Gram Stain and Morphological Arraignment Analysis
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Bacterial cultures were acquired from stock plates. A smear preparation was
aseptically performed by sterilizing a wired loop with a Bunsen burner until it was
orange then after letting it cool for couple of seconds, the wired loop was used to
swab a small sample from the culture stock and transferred onto a glass slide. The
smear was dried and then covered with crystal violet for 20 seconds, washed gently
with deionized water for 2 seconds and afterwards, a couple of drops of Gram’s
iodine was applied to the smear for 1 minute. Next, the smear was applied with
Gram’s decolorizer indirectly for 10-20 seconds and washed with deionized water for
2 seconds. Next, the smear was counter stained with several drops of safranin and
incubated for 1 minute room temperature and washed with deionized water indirectly
for 2 seconds after. Next, a clean cover slip was applied on top of the smear and blot
dry with bibulous paper. Sample was observed under oil immersion at 1000X total
magnification.
5. Preparation of Green Tea Polyphenols
All the green tea polyphenols (GTP, LTP, EGCG, and EGCG-S) were purchased
from Camellix LLC, Augusta, GA.
a. GTP and EGCG
Stock concentrations were prepared and diluted for the required concentration per
experiment. Stock concentrations of GTP and EGCG were prepared using sterile
deionized water.
b. EGCG-S and LTP
Stock concentrations were prepared and diluted for the required concentration
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per experiment. Stock concentrations of LTP and EGCG-S were prepared using 200
proof ethanol (Sigma-Aldrich).
6. Monitoring the Growth of Bacteria
Growth curves were set for each organism after overnight cultures were prepared
individually. The spectrophotometer was set to 650nm and overnight cultures were
standardized to an optical density of 0.3. Afterwards, the optical density was recorded
at time zero, and the cultures were placed back into the shaking incubator at 37°C at
250rpm. The process was repeated every hour for at least 12 hours, and the next day
reading at the 20th hour was recorded. The growth curve was plotted using the mean
of three repeating with Standard Deviation (SD) with OD (y axis) vs Time (x axis)
and generation time was calculated using the equation: (logio Nt - logio No) / logio2.
7. Study the Effect of Green Tea Polyphenols on Biofilm Formation
a. Congo Red Assay
Overnight cultures were prepared and checked for purity. They were diluted to 0.3
optical density with the spectrophotometer set at 650nm. Particular microorganisms
were swabbed aseptically onto the agar using a wired loop for positive controls.
Negative controls had no solution added to agar. Experimental groups had 600ul of
tryptic soy broth, 300 ul of microorganism and lOOul of specific treatments at various
concentration in a separate well. They were then mixed and swabbed onto the Congo
red agar and incubated for 4 days at 37°C. Pictures were taken every day for
qualitative analysis.
b. Crystal Violet Assay
Overnight cultures of the specific organism at study were prepared and check for
purity using simple stain. They were then diluted to 0.3 optical density on the
20

spectrophotometer set at 650nm. 24 well plates were labeled according for
positive/negative controls and experimental groups with each having three repeating.
700ul of tryptic soy broth was pipetted into the positive and negative controls while
600ul of tryptic soy broth was transferred into the experimental groups. 300ul of the
overnight culture was transferred into the positive control and experimental groups
while 300ul of different concentrations of EGCG-S, LTP, GTP and/or EGCG were
transferred into the appropriate negative control wells. 1OOul of various
concentrations of treatment were pipetted into experimental groups at different
concentrations. Each well had a total volume of solution of 1.0ml. The 24 well was
then labeled with date and placed in the incubator at 37°C for 4 days.
On the 4th day, the plates were aspirated, washed with 1ml deionized water and
stained with 1ml of 0.1% crystal violet. The crystal violet was allowed to sit for 30
minutes, aspirated, and inverted onto absorbent pads overnight. Afterwards, sterile
cotton swabs were used to remove excess dye on the side of the wells and 1ml of 30%
acetic acid was placed into each well. Spectrophotometer was set at 595nm and a
blank was set using deionized water in a cuvette. Prior to each readings, the side of
the cuvettes were cleaned using a kimwipe. Solution from each wells were transferred
into clean cuvettes individually, and placed into spectrophotometer for optical density
analysis. After each reading, the optical density was recorded to calculated percent of
biofilm inhibition and was blanked before another reading. The calculation for
percentage of biofilm inhibition was determined using the following equation:
((control OD595 - treated OD595)/ control OD595) X 100%.
8. Study the Effect of Green Tea Polyphenols on Cell Viability
21

Colony Forming Units
Overnight cultures were checked for purity with simple stain assay. Bacterial
cultures were diluted to 10'4 using serial dilutions after being diluted to 0.3 optical
density on the spectrophotometer. 300ul of diluted cultures were transferred into
1.5ml Eppendorf tubes along with 600ul of broth and lOOul of various concentration
of tea polyphenol. Each tube was vortexed and lOOul of each mixed solution in
Eppendorf tubes were plated onto Muller-Hinton plates aseptically and incubated at
37 °C for 1 day. Colony forming units were recorded and the percentage of inhibition
was calculated as follow: Percentage of growth inhibition = ((CFU of control - CFU
of treated)/CFU of control) X 100%.
9. Microscopic Observation
a. Scanning Electron Microscopy
Overnight cultures were prepared and checked for purity. Afterwards, they were
diluted to 0.3 optical density with the spectrophotometer set at 650nm. Sterile 6 well
plate was obtained and a small cover slip was placed at the bottom of each well.
700ul of tryptic soy broth and 300ul of overnight cultures were then aseptically
transferred into sterile 6 well plates for positive controls. Experimental groups
consisted of 600ul of tryptic soy broth, 300ul of overnight culture and lOOul of
various concentrations of tea polyphenols. The 6 well plate was then incubated at
37°C for 4 days.
Samples were then brought to the MMRL and under the guidance of Dr. Laying
Wu, each samples were then aspirated and rinse with IX PBS once, five minutes
each. Afterwards, each samples were fixed with 2.5% glutaraldehyde in 0.1 M of
cacodylate buffer and incubated for 30 minutes at room temperature. Samples were
22

then washed with 0.1 M Sodium cacodylate buffer three times for 10 minutes each.
Next, samples were incubated with 1% osmium tetroxide in 0.1 M cacodylated buffer
for 30 minutes at 4°C. Samples were then rinsed for three times in 0.1 M cacodylate
buffer for 10 minutes each and dehydrated afterwards with a series of ethanol wash at
30%, 50%, and 70%, 10 minutes each respectively. Samples were then stored
overnight in 70% ethanol at 4°C. Next day, samples were continually dehydrated with
a series of ethanol concentrations at 80%, 90% and 100% (twice), 10 minutes each
respectively. Afterwards, samples were transferred into microporous vials and
immersed in 100% ethanol. The vials were then placed into the Denton Critical Point
Dryer and samples were dried using liquid CO2 at 1072 psi and 31°C. Samples were
then mounted onto a stub and coated a thin layer of metal film using Denton IV
Sputter Coater. Samples were then brought into the Scanning Electron Microscope
room and used for imaging analysis.
b. Fluorescent Microscopy
Overnight cultures were prepared and checked for purity. Afterwards, they were
diluted to 0.3 optical density with the spectrophotometer set at 650nm. 700ul of
tryptic soy broth and 300ul of overnight cultures were then aseptically transferred into
3 wells of sterile 24 well plates for positive controls. Experimental groups consisted
of 600ul of tryptic soy broth, 300ul of overnight culture and lOOul of various
concentrations of tea polyphenols. The 24 well plate was then incubated at 37°C for 4
days.
Glass slides label accordingly for the experiment of either control or experimental
groups. LIVE/DEAD ® Baclight ™ Bacterial Viability Kit was obtained for the
23

experiment. In the kit (LI3152), separate dye solutions can be made by dissolving the
contents of one Component A pipet in 2.5mL filter-sterilized deionized water and the
contents of one Component B pipet in 2.5mL filter-sterilized deionized water. The
separate solutions can be blended at different ratios, and then the mixtures applied 1:1
with the bacterial suspension. Each component with fluorescent dye were then
transferred into a 15ml centrifuge tube and covered in aluminum foil to avoid light
exposure to the mix solution. The tube was vortexed to ensure even mixture and
placed in the fridge until the next step is ready.
The 24 well plate that was incubated for 4 days were retrieved and 50ul of each
well were aseptically transferred onto a sterile glass slide and labeled respectively to
each well. Afterward 20ul of the fluorescent dye solution was retrieved from the
refrigerator and added to each glass slide. A piece of aluminum foil was then used to
wrap each slide to reduce light exposure and incubated at room temperature for 15
minutes. Each slide was examined under a ZEISS fluorescent microscope and
pictures were recorded accordingly for further analysis.
10. Study the Effect of EGCG and EGCG-S on mix cultures of Pseudomonas
aeruginosa, Staphylococcus epidermidis, and Staphylococcus aureus
a. Crystal Violet Assay
Overnight cultures were prepared and checked for purity. Afterwards, they were
diluted to 0.3 optical density with the spectrophotometer set at 650nm. For crystal
violet assays, total volume of microorganism remained 300ul but was changed to
either 150ul each microorganism for 2 species co-culture experiments or lOOul each
microorganisms for 3 species co-culture experiment. Volume of tryptic soy broth
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remained at 700ul for control groups and 600ul for experimental groups. For tea
polyphenol treatments, 1OOul of various concentrations were added per experiment
for a total of lmL per well,
b. Colony Forming Units
Overnight cultures were prepared and checked for purity. Afterwards, they were
diluted to 0.3 optical density with the spectrophotometer set at 650nm. Bacterial
cultures were diluted to 10'4 using serial dilutions after being diluted to 0.3 optical
density on the spectrophotometer. For experiments with co-cultures with 2 bacteria
species, 150ul of each diluted cultures (3 OOul total bacterial culture) were transferred
into 1.5ml Eppendorf tubes along. For experiments with co-cultures with 3 bacteria
species, lOOul of each diluted cultures (300 uL total bacteria cultures) were used.
600ul of broth and 1OOul of various concentration of tea polyphenol were added to
each experimental group and each tube was vortexed. 1OOul of each mixed solution in
Eppendorf tubes were plated onto Muller-Hinton plates aseptically and incubated at
37 °C for 1 day. Colony forming units were recorded and the percentage of inhibition
was calculated as follow: Percentage of growth inhibition = ((CFU of control - CFU
of treated)/CFU of control) X 100%.
11. Study the Potential Synergistic Effect of Tea Polyphenols on Current Infectious
Irrigation and Debridement Protocol Method
a. Irrigation and Debridement Disk Diffusion
The experiment for disk diffusion on the solutions used for irrigation and debridement
were prepared by acquiring the exact concentration and supplies used in the protocol.
The protocol is as follows: 3L of 0.9% saline with the addition of 16oz of 0.25%
sodium hypochlorite (Dakin’s solution) followed by 3L of 0.9% saline with addition
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of 4-30mL povidone-iodine bags, and 3L of 0.9% saline with bacitracin (50,000units)
and Polymyxin b (500,000 units) followed by 3L of 0.9% saline for final step in
irrigation and debridement. Final serial diluted concentrations for each antibiotic were
calculated to be 225ug/mL for Bacitracin and 19.8ug/mL for Polymyxin B.
Polymyxin B and bacitracin were made at lOOx stock concentrations at 1.98mg/mL
and 2.25mg/mL, respectively. They were used to prepare Polymyxin b (WP) was
prepared by adding 990uL of saline with lOuL of lOOx stock Polymyxin B. Bacitracin
was prepared using 990ul of saline with lOul of lOOx stock Bacitracin. Combination
of both antibiotics were prepared using 980uL of saline with lOuL of lOOx P and
lOuL of lOOx B. The wash (W) was prepared using serial diluted concentrations of
10ml of 0.9% saline with 1.57ml of 0.25% sodium hypochlorite and 0.3mL of
povidone iodine. To prepare WPB, 980uL of W was mixed with lOuL of lOOx P and
lOuL of lOOx B. WPBT was prepared using 880ul of W with lOuL of lOOx P and B,
respectively, and 250ug/mL of EGCG-S. EGCG-S (T) was prepared using lOOul from
a lOx stock of 2.5mg/mL and diluting it with 900uL of 200proof EtOH.
Appropriate cultures for the experiment were checked for purity and swabbed onto
sterile Muller-Hinton plates aseptically. Sterile 6mm disks were then impregnated
with each solution mixture for 1 minute in a sterile 12 well plate with lmL of solution
per well. Next, the disks were aseptically transferred into an empty well for about one
minute to allow excess liquid to drain out. Afterwards, each disks were transferred
aseptically onto the Muller-Hinton plates that corresponds to the particular solution.
Plates were placed in the incubator at 37°C for 1 day and zone of inhibition were
measured using either radius or diameter for antiseptics and antibiotics, respectively.
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b. Kirby-Bauer Disk Diffusion
6mm disks were autoclaved for sterility then submerged into appropriate
concentration of different solution for the particular experiment in a 12 well plate.
Overnight cultures of each organism for the experiment were then checked using
simple stain to ensure there was no contamination. Overnight cultures were diluted to
0.3 optical density at 650nm on the spectrophotometer. A sterile cotton swab was
used to inoculate the appropriate organism onto each Muller-Hinton plate
continuously to establish confluence. Afterwards, plates were labeled according for a
template to see where each disk would be placed. Each individual disk was then
aseptically transfer to an empty well on the plate to remove any excess liquid by
letting it sit in a dry well for approximately one minute. Once the excess liquid has
been removed, they were aseptically transferred onto the Muller-Hinton plates
accordingly to the label and were incubated overnight at 37°C. The following day, the
zone of inhibition were measured using the radius for antiseptics such as the mixture
of wash, saline, and iodine while the zone of inhibition for antibiotics were measured
with the diameter in mm.
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Results and Discussion
1. Monitoring Bacteria Growth
A growth curve was established to accurately understand the rate of bacterial
growth. Figure 1 shows the growth curve of Staphylococcus aureus which shows 4
different individual phases: lag phase, exponential phase, stationary phase, and death
phase. A short lag phase is seen within the first hour followed by exponential phase
starting at the second hour as the OD readings on the Y axis shows a jump from 0.1 to
0.2. Exponential phase continues until hour 10 where the graph begins to plateau. At hour
10, it would seem the culture has reached stationary phase. This trend was also observed
in Pseudomonas aeruginosa in Figure 3. For Staphylococcus epidermidis, a short lag
phase is seen within the 3 hours followed by exponential phase at the fourth hour as the
OD readings on the Y axis shows a jump from 0.1.5 to 0.3. Exponential phase seems to
occur until hour 9 where the graph begins to plateau. At hour 9, it would seem the culture
has reached stationary phase if compared to the 16th hour reading which seems to be
roughly the same optical density. To put into perspective, cultures were in sterile broth
culture tubes so given a limited amount of space and nutrients, which would ultimately
allow the culture to research a stationary phase where there is not enough nutrients and
room to continue growing exponentially. This is followed by the next phase known as
death phase. Once the culture has reach maximum growth capacity in the glass vial, they
begin to die off due to the lack of room, nutrients, and some other factors such as toxic
cellular secretions. This growth curve provides valuable information to further
understand the changes in growth over time for Staphylococcus aureus, Staphylococcus
epidermidis, and Pseudomonas aeruginosa and allows calculation of generation time
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which was calculated to 30, 25, and 40 minutes, respectively, using the equation: (logio
Nt - logio No) / logio2.
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Standard Growth Curve of
Staphylococcus aureus

Figure 1. Standard growth curve for Staphylococcus aureus. Generation time was
calculated to be 30 minutes. The growth curve results were from the mean of three
repeating and y error bar represents the standard deviation (SD). Growth was observed at
650nm at 37°C in shaking incubator at 250rpm.
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Standard Growth Curve of
Staphylococcus epidermidìs

Figure 2. Standard growth curve for Staphylococcus epidermidis. Generation time was
calculated to be 25 minutes. The growth curve results were from the mean of three
repeating and y error bar represents the standard deviation (SD). Growth was observed at
650nm at 37°C in shaking incubator at 250rpm.
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S ta n d a rd G ro w th C u rve o f Pseudomonas

aeruginosa

Figure 3. Standard growth curve for Pseudomonas aeruginosa. Generation time was
calculated to be 40 minutes. The growth curve results were from the mean of three
repeating and y error bar represents the standard deviation (SD). Growth was observed at
650nm at 37°C in shaking incubator at 250rpm.
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2. Gram Stain and Morphological Arrangement Analysis
The gram status of Staphylococcus aureus was established as seen on Figure 4 which also
showed the morphological arrangement of the bacterial specie. Staphylococcus aureus is
a gram-positive bacterial as indicated by the purple stain absorbed in the cells and is
characterized by the random cluster formation of circular cells otherwise known as
staphylococcal. This species is gram-positive due to the cells up taking crystal violet stain
rather than the counterstain, safranin. In particular, the gram-positive species are able to
uptake crystal violet stain due to the thick cell wall layer composed of peptidoglycan. The
gram status of Staphylococcus epidermidis was established as seen on Figure 5 which
also showed the same morphological arrangement and gram status as Staphylococcus
epidermidis. They are both in the same genus of staphylococcal bacteria. Figure 6
showed that Pseudomonas aeruginosa is a gram-negative bacterial as indicated by the
pink stain absorbed in the cells. In other words, the cells did not absorb the crystal violet
but rather the safranin dye. In particular, the gram-negative species are unable to absorb
crystal violet due to the extra outer cellular membrane which is composed of
lipopolysaccharides and proteins. They consist of an additional membrane and
periplasmic space compared to gram-positive cell walls, gram-negative species also have
a thinner layer of peptidoglycan cell wall compared to gram-positive species. This can be
used to better understand why the future experiments may have yielded different results
depending on cell wall composition depending on the gram stain results. This allows
scientists to differential whether species are gram-positive or gram-negative that gives
researchers the knowledge of chemical composition and the physical structure of the cell
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wall. This can be used to better understand biochemical analysis of the species and why
the future experiments may have different results depending on cell wall composition.
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Figure 4. Gram Stain of Staphylococcus aureus from a stock plate stained with gram
stain and viewed under 1OOOx total magnification.
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Figure 5. Gram Stain of Staphylococcus epidermidis from a stock plate stained with
gram stain and viewed under 1OOOx total magnification.

Figure 6. Gram Stain of Pseudomonas aeruginosa from a stock plate stained with gram
stain and viewed under 1OOOx total magnification.
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3. Study the Effect of Green Tea Polyphenols on Biofilm Formation
c. Qualitative Analysis using Congo red method
Congo red agar was used to qualitatively examine the effects of green tea polyphenols
on biofilm formation. Congo red dye is added to brain heart infusion agar and is used
as an indicator. In particular, when biofilm forms, amyloid or amyloid-like proteins
are also produced which activates the indicator and results in a black appearance on
the agar. A study done by Romero et al., 2010 showed that bacterial cells that can
aggregate and produce biofilm can secrete and assemble various macromolecules into
the extracellular matrix and amyloid proteins have been seen to be a key component
of the biofilm matrix. Therefore lack of biofilm production may be confirmed with
lack of change on color of agar. Another study done by Schwartz et al., 2012 showed
that Staphylococcus aureus produces extracellular fibril structure that promotes
biofilm integrity and these fibers had amyloid-like properties which consisted of
small peptides called phenol soluble modulins (PSM). Through genetic testing, they
showed mutants without PSMs were much more susceptible to disassembly of
biofilm matrix. Similarly, a study done on gram-negative bacteria showed that
biofilm forming species produce a proteinaceous fibrous structures on the surface
known as curli which mediates interactions between bacteria and the environment
(Zhou et al., 2013). These curli fibers found in gram-negative species are similar to
that of amyloid proteins found in other gram-positive biofilm producing species.
As seen in Figure 7-12, results through Congo red method showed expected results
as seen in previous studies through positive and negative controls. Congo red method
testing was done on S. aureus and P. aeruginosa to test other tea polyphenols and
biofilm reversal (such as decomposition of formed biofilm), respectively. Figure 7
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represents the different polyphenols (GTP, LTP, EGCG, and EGCG-S) treated with
S. aureus culture (lOul of cultures). Each different polyphenol was prepared at the
concentration of lOOug/mL for the experiment and incubated at 37°C for 3 days and
pictures were taken after each day for analysis. At day 1, colonies had begun to form
but it would appear that the control has yet to produce biofilm. This could indicate
that biofilm formation in S. aureus is a dose dependent bacteria which means even
though they can produce biofilm, if there are less concentration of the culture, it may
take longer to form biofilm. After day 2, the control had biofilm production as
indicated by the black agar. This was also seen in GTP and EGCG treated cultures.
LTP and EGCG-S treated cultures were not seen with black formation as indicated in
the yellow circles. The results were the same after day 3. Overall, these qualitative
results show that after several days, EGCG-S and LTP are able to prevent biofilm
growth. These results are promising to target infections in long-term treatments.
Perhaps the increase stability in EGCG-S and LTP allows a more effective long term
treatment in infections as oppose to GTP and EGCG polyphenols.
Figure 8 shows the qualitative analysis of Staphylococcus aureus with the negative
control on top left and positive control on bottom left. Both were as expected since
the negative control had no bacterial culture on the agar while the positive control
was just S. aureus with no treatment added. When S. aureus culture were treated with
250ug/mL of EGCG-S and LTP, respectively, there were no change in agar color
which indicates the lack of amyloid proteins being produced. Likewise, when
concentrations were increased to 500ug/mL of EGCG-S and LTP, respectively,
similar results were observed. The same experiment was repeated with triplicates on a
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24 well with Congo red agar in each well, seen in Figure 9 which also showed same
results as Figure 8. These results were parallel to Figure 12 for S. epidermidis culture.
Given they are both gram-positive and staphylococcal species, these results were as
expected. For P. aeruginosa, a gram-negative bacteria, results also showed biofilm
inhibition at higher doses (200ug/mL) as seen on Figure 10. P. aeruginosa showed at
lower concentrations of EGCG-S, 50ug/mL - 150ug/mL, treatments were ineffective
in preventing curli fibers from producing. As described previously, the curli fibers on
the surface of gram-negative species are an indicator for biofilm production.
However, when concentrations were increased to 200ug/mL, the results were positive
in biofilm inhibition. These results indicate that approximately 200ug/mL can be seen
as an effective concentration to inhibit proteins associated with biofilm production.
The next step in experiments was to analyze the possibility of tea
molecules breaking down fully matured biofilm. The biofilm reversal experiment in
Figure 11 represents P. aeruginosa and if the tea molecules can reverse biofilm after
it has been formed. In other words, can the tea molecules break down biofilm after it
has matured? On the top row, it showed 5ul, 1Oul, and 15ul of P. aeruginosa cultures
after 1 day of incubation, respectively, on the top row of the 6 well plate. While on
the bottom wells of row 1 of day 1, it shows 20ul, 25ul, and 50ul, of P. aeruginosa
cultures after 1 day of incubation. The results show that no matter what the
concentration of bacteria was applied, biofilm would produce after the first day.
These results indicate that the gram-negative bacteria may not be a dose dependent
biofilm producer and can form biofilm no matter the concentration. Afterwards, we
treated each colony in each well with 1OOug/mL of EGCG-S and incubated for one
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more day. After day 2, the black colonies appear to have reverted the color from
black phenotype colonies to red colonies. As seen on Day 2 on the bottom row, each
well with individual colonies all are red. These results show a significant possibly to
eliminate chronic infections. The results suggest that if biofilm forms on prosthetic
joints (cause of infections), then essentially, depending on the species that caused the
infection, EGCG-S tea molecules can disassemble the biofilm matrix and prevent
further surgical procedures and antibiotic use. The mechanism behind the results have
yet to be determine and would require future research studies to understand what is
the underlying cause.

39

Biofilm
Detection A s s a y [10ul]
treated 1hr

Front

Day 1

[100 ug/ml] I
1 'JBfefcAyp

Day 2

[100 ua/ml]

Day 3

[100 ug/ml]

lJ wH

m

B ack

Ò

m

Figure 7. Qualitative analysis on Staphylococcus aureus biofilm inhibition on Congo red
agar. Positive control was lOul of overnight culture of S. aureus. 300ul of overnight
culture of S. aureus in 600ul tryptic soy broth were mixed with 100ug/mL of EGCGS,
LTP, GTP, and EGCG separately, and incubated for 1 hour. lOul of the each treatment
solution were pipetted onto Congo red agar to test biofilm inhibition. Plates were
incubated for 3 days. Results can be seen clearly on the top right comer picture where the
positive control is located in the middle of the plate labeled as “C” and the top left circle
and bottom left was treated with GTP and EGCG, respectively. The two circles on the
right from top to bottom was cultures treated with EGCG-S and LTP, respectively.
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Figure 8. Qualitative analysis on Staphylococcus aureus biofilm inhibition on Congo red
agar. Negative control had no bacteria plated and positive control had bacteria swabbed
on as indicated on top and bottom left wells. 250ug/ml and 500ug/ml of EGCGS and LTP
were used to test biofilm inhibition. Plates were incubated for 4 days.
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100 ug/mL
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Figure 10. Qualitative analysis on Pseudomonas aeruginosa biofilm inhibition on Congo
red agar. Negative control had no bacteria plated and positive control had bacteria
swabbed on as indicated on top and bottom left wells.. 50ug/ml, 100ug/ml, 150ug/ml and
200ug/ml of EGCGS were used to test biofilm inhibition. Plates were incubated for 4
days.

Day 1

Day 2

Figure 11. Qualitative analysis of effects on EGCG-S properties to reverse biofilm
formation in Pseudomonas aeruginosa. The wells had been plated with 5ul, 1Oul, and
15ul of overnight culture of P. aeruginosa and bottom row from left to right had 20ul,
25ul, and 50ul, respectively. Day 1 results were taken after each concentration of P.
aeruginosa were incubated for 1 day to allow biofilm formation. Afterwards, 1OOul of
250ug/mL EGCG-S were added to each well on top of the colony and plates were
allowed to be incubated at 37°C for 1 day.
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Figure 12. Qualitative analysis on Staphylococcus epidermidis biofilm inhibition on
Congo red agar. Negative control had no bacteria plated and positive control had bacteria
swabbed on as indicated on top and bottom left wells. 250ug/ml and 500ug/ml of EGCGS
and LTP were used to test biofilm inhibition. Plates were incubated for 4 days.
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4. Quantitative Analysis Using Crystal Violet and Colony Forming Units
1. Crystal Violet Analysis
Crystal violet assay was used to quantitatively evaluate how much biofilm was inhibited.
The previous qualitative experiments were used to identify the presence of biofilm
properties however, it may not accurately portray the presence of biofilm. How much
amyloid proteins is required to activate the indicator to change from red colonies to black
colonies? Quantitative analysis through crystal violet method was used to answer the
question. Figure 13 shows the results of S. aureus incubated with 4 tea molecules (GTP,
LTP, EGCG, EGCG-S) compared to the control. Tea molecule concentrations were at
25ug/mL, 50ug/mL, lOOug/mL, and 150ug/mL and results had a positive linear trend
between biofilm inhibition and the concentration of tea molecules. EGCG-S had the
highest inhibition of biofilm and LTP was nearly identical in results. Results for GTP and
EGCG were not as promising. A potential reason could be the stability of the two
molecules and its effectiveness for a four day experiment. The highest biofilm inhibition
was averaged at 79.8% and 71.5% for EGCGS and LTP, respectively. The biofilm
inhibition percentage was calculated from the average of triplicate repeating with the
standard deviation bar as seen in Figure 13 -19. Next, crystal violet method was used to
analyze biofilm inhibition for just EGCG-S compound at lOOug/mL, 200ug/mL and
250ug/mL and results were in a similar positive linear trend as seen in Figure 14. As
concentration of EGCG-S increase, biofilm inhibition was also increase. At 250ug/mL of
EGCG-S, there was a 97.4% biofilm inhibition and 92.2% inhibition at 200ug/mL. GTP
and EGCG showed less effective results which was expected as the literature suggests the
lower stability may play a role in its effectiveness for a long term study. The next step in
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the experiment was to see other gram-positive bacteria associated with PJIs and
subsequently LTP and EGCG-S was tested to see if the results were similar. In Figure 15,
the results on biofilm inhibition on S. epidermidis when treated with LTP and EGCG-S at
250ug/mL, 500ug/mL, and 750ug/mL were promising. The results indicates a near
complete eradication of biofilm production ranging from 95.1% to 99.6%. The next step
was to evaluate a gram-negative bacteria that was also common in PJIs. P. aeruginosa
was tested with all four catechins (GTP, LTP, EGCG, EGCG-S) and results were similar
in that LTP and EGCG-S had the highest inhibition and results were dose dependent on
concentration. The effect of biofilm inhibition on EGCGS and LTP at lOOug/mL was
96.7% and 76%, respectively, as seen on Figure 16. However, more experiment must be
done at higher concentration to see if LTP can be more effective in inhibiting biofilm.
Studies show that most bacteria that live in surface-associated communities like biofilms
have increase stability in biofilm structure due to gene transfers such has increase
plasmid dispersal through conjugation which may ultimately stimulate biofilm
development (Molin and Tolker-Nielsen 2003). Another studies show when DNA is
released in the extracellular polymeric substance, extracellular DNA has been linked to
quorum sensing which is used for intracellular signaling (Spoering and Gilmore 2006).
Quorum sensing systems have also been known to be integrated in other regulator circuits
such as releasing environmental signals that influence gene expression such as
(acylhomoserine lactone) AHL-mediated surface migration of bacteria swarmer cells
(Daniels, Vanderleyden, and Michiels 2004). In other words, when biofilm is formed, the
biofilm matrix becomes more resilient as the community matures. This positive feedback
mechanism in biofilm has become the main problem and cause of infections and lack of
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effective drugs. Overall, the single species crystal violet study showed that EGCG-S and
LTP can be effective in reducing biofilm production which can ultimately aid in curing
chronic infections in PJIs.
2. Colony Forming Units
The previous experiments were quantitative analysis to understand the general effects of
tea polyphenols on biofilm formation. The next set of experiments were used to
quantitatively assess the cell viability, or rather the ability to reproduce and form
colonies. In theory, if cell walls are compromised as suggested in the previous
experiment and in literature, then they should not be able to go through binary fission to
replicate. Figures 25 through 30 are several experiments that were done on nutrient agar
plates with cultures serial diluted to 10'4. Serial dilutions of 10'2 were also done by CFUs
exceeded the countable range. The results as seen in Figure 25, 26, and 27 indicated that
at 250ug/mL for each bacteria were susceptible to EGCG-S and LTP which suggests that
the qualitative analysis was accurate. The lowest percent of growth inhibited was 96.2%
which is still considerable significant. The study on both compounds suggests possibly
the lipophilic properties and increase stability is effective in killing cells. This study was
only incubated for one day which suggest it can be very successful to treating or
preventing infections. The qualitative study was prepared and incubated for four days
which indicates that even long term study, where biofilm has indefinitely matured, both
LTP and EGCG-S can damage bacteria cell membranes thus reducing their viability. P.
aeruginosa also seems to be very susceptible to damage cell membrane with 100%
inhibition. Overall, the single study species colony forming unit study showed very
promising results for targeting PJIs.
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Crystal Violet Assay

Biofilm Inhibition by Various Green Tea
Polyphenols on S. aureus

[25]

[50]

[100]

[150]

Tea Concentrations of GTP, LTP, ETGCG, and EGCG-S

Figure 13. Crystal violet assay analysis on the effect of various tea polyphenols on
biofilm inhibition of Staphylococcus aureus. The concentration of tea polyphenols were
25ug/mL, 50ug/mL, lOOug/mL and 150ug/mL.

Concentration
(ug/mL)

GTP Biofilm
Inhibition (%)

LTP Biofilm
EGCGS
EGCG
Inhibition (%)
Biofilm
Biofilm
Inhibition
Inhibition
(%>
(%)
31.4
25
50.8
40
65.1
63.4
50
10.7
16.7
68
100
36.3
36.6
71.5
79.8
150
28.7
55.7
54.7
67.3
Figure 13a. Crystal Violet Assay tab e of Biofilm Inhibition from Figure 13 on &
aureus. Numbers were averaged from triplicate repeating in the experiment.
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Biofilm Inhibition by Green Tea Polyphenols on
Staphylococcus aureus
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Treatment Concentration of EGCG-S (ug/ml)

Figure 14. Crystal violet assay analysis on the effect of EGCG-S on biofilm inhibition of
Staphylococcus aureus. The concentration of tea polyphenols were lOOug/mL,
200ug/mL, and 250ug/mL.
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Biofilm Inhibition by Green Tea Polyphenols
on Staphylococcus epidermidis
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Figure 15. Crystal violet assay analysis on the effect of tea polyphenols (EGCG-S and
LTP) on biofilm inhibition of Staphylococcus epidermidis. The concentration of tea
polyphenols were 250ug/mL, 500ug/mL, and 750ug/mL.

Concentration (ug/mL)

EGCG-S Biofilm
LTP Biofilm Inhibition
Inhibition (%)
(%)
250
96.4
98.3
500
95.1
97.3
750
99.6
96.3
Figure 15a. Crystal Violet Assay table of Biofilm Inhibition from Figure 15 on 5.
epidermidis. Numbers were averaged from triplicate repeating in the experiment.
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Biofilm Inhibition by Green Tea Polyphenols
on Pseudomonas aeruginosa
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Tea Polyphenols at 50 and 100 ug/mL
Figure 16. Crystal violet assay analysis on the effect of various tea polyphenols on
biofilm inhibition of Pseudomonas aeruginosa. The concentration of tea polyphenols
were 50ug/mL, and lOOug/mL.

Concentration
(ug/mL)

GTP Biofilm
Inhibition
(%)

LTP Biofilm
Inhibition
(%)

EGCG
EGCG-S
Biofìlm
Biofilm
Inhibition
Inhibition
(%)
(%)
50
51.7
57.3
63.3
76.0
100
89.7
91.0
94.7
96.7
Figure 16a. Crystal Violet Assay table of Biofilm Inhibition from Figure 16 on P.
aeruginosa. Numbers were averaged from triplicate repeating in the experiment.
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Colony Forming Units

The Effect of Tea Polyphenols on Inhibition of S.
epidermidis Growth
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Figure 17.Quantitative analysis on the effects of EGCGS and LTP on cell viability of
Staphylococcus epidermidis at 10‘4 dilution. Results were analyzed using colony forming
units to record the plate count and were compared against the control.
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Figure 18. Quantitative analysis on the effects of EGCGS and LTP on cell viability of
Staphylococcus aureus at 10"4 dilution. Results were analyzed using colony forming units
to record the plate count and were compared against the control.
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Figure 19. Quantitative analysis on the effects of EGCGS and LTP on cell viability
Pseudomonas aeruginosa at 1O'4 dilution. Results were analyzed using colony forming
units to record the plate count and were compared against the control.
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5. Microscopic Observation using SEM and Fluorescent Microscopy

a. Scanning Electron Microscopy
Microscopic observation through scanning electron microscopy were performed in the
MMRL lab under the guidance of the MMRL Director, Dr. Laying Wu. Figures 20 to 23
show four different experiments which revealed cell morphology and cell density
changing after treatment of either EGCG-S or LTP. Figure 20 are the results of P.
aeruginosa treated with 50ug/mL and 100ug/mL of EGCG-S and LTP, respectively. The
top row is the control and cell aggregation can be observed along with biofilm matrix
produced as indicated by the red arrow. When treated with EGCG-S molecule, the
general results across all concentrations were cell density well significantly reduced
along with the lack of biofilm production. These results correlate with our previous
experiments on biofilm formation through qualitative and quantitative analysis. Similar
results were seen in Figure 21 and 22 on S. aureus and S. epidermidis, respectively.
Another observation noted in scanning electron microscopy was the change in cell
morphology for the gram-negative bacteria, P. aeruginosa. Particularly, after treating the
cells with EGCG-S, some cells seem to have been elongated, possibly a sign the cells are
under unfavorable conditions causing them to undergo involution forms. More studies
will be needed to evaluate these modifications. Figure 23 represents P. aeruginosa
species grown on a titanium plate that is used in prosthetic knees, acquired through Dr.
Alvin Ong, the hip and knee replacement surgeon at Rothman Institute. The left column
on Figure 23 is the control which shows high cell population density in the top picture
and a closer magnification underneath. The column on the right is what the results were
after treating the cells with 250ug/mL of EGCG-S for four days. Cell population was
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significant reduced and on the bottom right picture, cell lysis and altered cell morphology
can be observed. In particular, some cells seem to have burst or oddly formed rods. More
molecular studies will need to be done to evaluate the exact structural change that
occurred. Overall, the microscopy evaluation showed that tea polyphenols can effectively
reduce cell population density and biofilm matrix.
B. Fluorescent Microscopy
Fluorescent microscopy was used to evaluate cell viability through Live and Dead Assay
provide by BacLight™ Bacterial Viability Kit. This experiment was used to detect cell
viability via cell membrane integrity using two fluorescent dyes: Syto9 and propidium
iodide. Cells with compromised cell membrane are considered dead and will be stained
with propidium iodide. While cells with intact cell membrane will be stained with Syto9
and appear green. Syto9 dye is permeable to live cell membranes and excite green
fluorescent upon binding to DNA (Syto®9 stain). Propidium iodide is not able to
permeate live cells so if cell membrane has been compromised, propidium iodide binds to
DNA with no specification (Propidium Iodide). Figures 24-25 represents live and dead
assay done on all three bacteria after 4 days of incubation at 37°C. In both figures, the
control is represented with high density growth, all which exhibit green fluorescent
indicating the cells are live. However, after treatment, cells appear to have their cell walls
compromised. Figure 24 shows S. aureus cultures after incubating with 50ug/mL of LTP,
most cells were reduced in population density which was expected and seen in scanning
electron microscopy but also the cells were all red indicating cell walls were
compromised. Likewise, similar results were seen when S. aureus was treated with
50ug/mL of EGCG-S and lOOug/mL of EGCG-S. In Figure 25, results were similar to
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that in S. aureus where treatments of EGCG-S appear to have damage the integrity of cell
walls in S. epidermidis and P. aeruginosa. Overall the results suggest that a potential
mechanism behind tea polyphenols and their antimicrobial effectiveness is through
disrupting the integrity of cell walls. Studies show that epicatechin gallate and
epigallocatechin gallate (EGCG) were able to perturbed membrane structures and had
high affinity to lipid bilayers (Hashimoto et al. 1999). This seems highly plausible as
EGCG-S and LTP are both lipophilic molecules which could bind to the
lipopolysaccharides in cell walls or the phospholipid bilayer and permeate the cells.
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Scanning Electron Microscopy
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Figure 20. Scanning electron microscopy of Pseudomonas aeruginosa. Cells were
treated with 50ug/mL and 100ug/mL of EGCGS and LTP, respectively.
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Figure 21. Scanning electron microscopy for Staphylococcus aureus. Cells were treated
with 50ug/mL and lOOug/mL of EGCGS and LTP, respectively.
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Figure 22. Scanning electron microscopy of S. epidermidis with control on top row and
treated cells with 250ug/mL of EGCG-S after 4 days.
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Figure 23. Scanning electron microscopy of P. aeruginosa on titanium plate. Cells were
treated with 250ug/mL EGCG-S before growing them on titanium plate.
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Live and Dead Assay

Figure 24. Live and Dead Assay for Staphylococcus aureus. Intact cell membranes are
represented with green fluorescent dye (Syto9) and damaged cell membrane are
represented with red fluorescent dye (propidium iodide). Each result were incubated for 4
days with either no treatment or treatment and viewed under 1OOOx total magnification.
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lOOOx total
Magnification

Control

250ug/mL EGCG-S

P. aeruginosa

S. epidermidis

Figure 25. Live and Dead Assay for S. epidermidis and P. aeruginosa. Intact cell
membranes are represented with green fluorescent dye (Syto9) and damaged cell
membrane are represented with red fluorescent dye (propidium iodide). Cells were
treated with 250ug/mL EGCG-S. Each result were incubated for 4 days with either no
treatment or treatment and viewed under lOOOx total magnification.
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6. Quantitative Multi-species Combination Study
1. Colony Forming Units
The next step of the experiment was to do a multi-species study to further examine what
happens when an infection has more than one species. In nature, most bacteria are not in
isolation but rather pseudomulticellular organisms that regulate population behavior
through small extracellular signal molecules (Deziel et al. 2003). Combination of P.
aeruginosa with S. aureus was co-cultured and treated with 250ug/mL of EGCG-S and
incubated for one day showed a 95% reduction in colony forming units compared to the
control seen in Figure 26. Similar results were observed in Figure 27 on co-cultures of P.
aeruginosa with S. epidermidis with 97% and 72% growth inhibition for 250 EGCG-S
and 500 EGCG-S, respectively. When S. epidermidis cells were treated with double the
amount of 250ug/mL, the growth inhibition appear to be less effective. It is believed to be
a possible contamination with another organism that may have increase the colony
forming units which would inadvertently reduce the growth inhibition calculation.
However, this requires evaluation and further repeating of the experiment to conclude the
results. Lastly, the experiment was once more taken to the next step where all three
species were cultured together and treated with 250ug/mL and 500ug/mL of EGCG-S and
likewise, the results were similar in a negative trend seen in Figure 28. As the
concentration of treatment increased, the effectiveness of the tea catechins seem to have a
diminished effect. This could be a response to competitive growth from having more than
one species in an environment. P. aeruginosa has been known to use its extracellular
products to interact with other pathogens. Particularly, when P. aeruginosa interacts with
S. epidermidis, studies show S. epidermidis planktonic cultures and biofilms were
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challenged by P. aeruginosa supernatant (Qin et al. 2009). On the other hand, S.
epidermidis supernatant had no effect on P. aeruginosa which suggests that its
extracellular products, which is mainly polysaccharides, are important to microbial
competition (Qin et al. 2009). Similarly, in another study with P. aeruginosa and another
gram-positive staphylococcal species (Staphylococcus aureus), S. aureus went from an
aerobic respiration to fermentative metabolism which ultimately reduce viability in S.
aureus cultures (Filkins et al. 2015). The mechanism behind that is believed to be P.
aeruginosa expression of a compound that may inhibit growth of other gram-positive
cells such as S. aureus or S. epidermidis. DesB plays a role in P. aeruginosa virulence
and is believed that it inhibits S. aureus growth in co-culture by controlling HAQ
synthesis (Kim et al. 2015). HAQ also known as 4-hydroxy-2-alkyquinolines are known
to be in both gram-positive and gram-negative bacteria so it is not a toxin to other cells.
HAQ have five different classes which can be potent cytochrome inhibitors or antibiotic
against other pathogens but is also a precursor for other pathways such as cell-cell
communication and intracellular communication (Deziel et al. 2003). Our results with
multi-species study with P. aeruginosa seems to reflect these previous finding on the
virulence of P. aeruginosa and other gram-positive staphylococcal species. The virulence
factor could be a potential reason for reduced tea polyphenol effectiveness. Additional
molecular studies behind the genes regulating cell-cell communication and signaling
molecules need to be evaluated to further understand the mechanism behind multicellular
cultures.
2. Crystal Violet Assay
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After examining cell viability, experiments were aimed towards finding out what happens
to biofilm integrity and tea catechins if bacteria cultures had more than one species in the
system. At any given moment, most surfaces have hundreds of different microorganisms
on it and likewise in nature. This experiment was aim to replicate what one might expect
when they are infected. Co-cultures of P. aeruginosa with S. aureus and P. aeruginosa
with S. epidermidis and all three microorganisms were examined with crystal violet assay
in separate studies to evaluate tea catechins molecule’s effectiveness in inhibiting biofilm
formation (Figure 29-30). In Figure 29, results for multi-species study between P.
aeruginosa and S. aureus can be seen after treated with 250ug/mL of EGCG-S and
incubated at 37°C for four days. After four days, the biofilm production was measured
quantitatively and calculated to be 96.2% inhibition compared to the control which had
0% biofilm inhibition. Likewise for P. aeruginosa and S. epidermidis, results in Figure
29 were similar with 97.8% inhibition. These results indicate that if an infection occurred
with either set of bacteria infecting the prosthetic, EGCG-S tea catechins alone can be
effective in eliminating biofilm from the prosthetic to prevent further infections. In
Figure 30, results for crystal violet assay and all three bacteria forming species were
evaluated and revealed promising data. When all three species were cross cultured,
treated with 250 ug/mL and 500ug/mL, respectively, and incubated for four days, the
results were at 100% and 98.02% respectively. In other words, the top three biofilm
forming species associated in PJIs can be effectively controlled with EGCG-S and their
ability to produce biofilm. Biofilm is what causes prosthetic joint infections and the
results on EGCG-S, without antibiotics or other infectious washout solutions used in
medical settings, showed it can eliminate biofilm which in other words suggests it can
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also eliminate prosthetic joint infections. The underlying mechanism and the competitive
inhibition that may possible occur between three species has yet to be determine and
would require future research in determining competitive growth inhibition and tea
polyphenols overall effect. However, several studies suggests competitive inhibition
occurs between different species of bacteria. A study found that S. epidermidis produces
a serine enzyme, Esp, which can disassemble preformed biofilms of S. aureus and
inhibits colonization (Sugimoto et al., 2013). This suggests Esp has proteolytic capability
which can degrade specific proteins found in biofilm and cell walls, particular to S.
aureus. Using proteomic and immunological assays, Sugimoto et al., 2013 found Esp
degrades at least 75 different proteins including 11 biofilm forming proteins and
colonization-associated proteins such as extracellular adherence, extracellular matrix
protein-binding protein, fibronectin-binding protein A, and protein A. Another study
found P. aeruginosa is capable of inhibiting S. epidermidis using PsL and Pel
polysaccharides by disrupting initial adhesion and biofilm detachment (Qin et al., 2009).
P. aeruginosa is also capable of inhibiting biofilm formation by other bacteria species
using Quinolones by altering bacteria motility (Reen et al., 2011). These studies suggests
that even without treatment, bacteria species have the capability to secrete proteins and
chemical signals to repress local microbial species. This reveals a potential novel
therapeutic strategy in treating infections caused by multiple pathogens. Particularly,
these studies suggests some species may be more prevalent in infections and priority
should be directed towards the dominant species as it may have natural inhibiting
mechanisms for other species. The results correlates with the scientific literature on
multi-species biofilm communities. When P. aeruginosa was grown with S. aureus in
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Figure 29, the percent of biofilm inhibition was less than cultures with P. aeruginosa and
S. epidermidis. When all three species were grown together, Figure 30, biofilm inhibition
was 100% at 250ug/mL of EGCG-S. Compared to single species study, Figure 13-16,
gram negative species seem to be more susceptible to lipophilic tea polyphenols. P.
aeruginosa had a much higher biofilm inhibition at a lower concentration compared to
gram positive species. This suggests when all three species were grown together, S.
epidermidis may have repressed S. aureus growth and P. aeruginosa may have repressed
S. epidermidis growth and overall, the tea polyphenols may be treating the dominant, yet
susceptible, species; P. aeruginosa. Overall, the crystal violet method testing co-cultures
shows promising results and further molecular studies need to evaluate and confirm the
repression of genes associated with growth and biofilm production.
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Colony Forming Units
The Effect of Tea Polyphenols on Inhibition of PA/SA Growth
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Figure 26. Quantitative analysis on the effects of EGCGS on cell viability of co-culture
of Staphylococcus aureus with Pseudomonas aeruginosa at 1O'4 dilution. Results were
analyzed using colony forming units to record the plate count and were compared against
the control.
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The Effect of Tea Polyphenols on Inhibition of PA/SE
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Figure 27. Quantitative analysis on the effects of EGCGS on cell viability of co
culture of Staphylococcus epidermidis with Pseudomonas aeruginosa at 10'4
dilution. Results were analyzed using colony forming units to record the plate count
and were compared against the control.
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The Effect of Tea Polyphenols on Inhibition of PA/SA/SE
Growth

250 ES

500 ES

Tea Polyphenols Concentration ug/ml

Figure 28. Quantitative analysis on the effects of EGCGS on cell viability of co-culture
of Staphylococcus epidermidis with Pseudomonas aeruginosa and Staphylococcus aureus
at 1O'4 dilution. Results were analyzed using colony forming units to record the plate
count and were compared against the control.
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Crystal Violet Assay
Biofilm Inihbition by Green Tea Polyphenols on P.
aeruginosa and S. aureus and S. epidermidis
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Figure 29. Crystal violet assay analysis on the effect of various tea polyphenols on
biofilm inhibition of co-cultures of P. aeruginosa with S. aureus and P. aeruginosa with
S. epidermidis. The concentration of EGCG-S were 250ug/mL
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Biofilm Inhibition by Tea Polyphenols On Inhibition of combination
with S.epiderm idis, P.aeruginosa And S. aureus
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Figure 30. Crystal violet assay analysis on the effect of various tea polyphenols on
biofilm inhibition of co-cultures of Pseudomonas aeruginosa with Staphylococcus aureus
and Staphylococcus epidermidis. The concentration of tea polyphenols were 250ug/mL,
and 500ug/mL
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7. Study the Current Infectious Irrigation and Debridement Protocol Method
Against Tea Polyphenols
After several experiments showed positive results on reduced cell viability and
biofilm formation, the next step of the study was to have a preliminary experiment to test
the tea polyphenols against current infected prosthetic irrigation and debridement
protocol method using disk diffusion method. The irrigation and debridement protocol
method and the supplies for the washout are currently in use at AtlantiCare Regional
Medical Center and Thomas Jefferson University Hospital by several orthopedic
surgeons, in particular, Dr. Alvin Ong. Figure 31a, 32a, and 33a represents what each
disk and the corresponding label means. Antiseptics such as saline and the wash which
consisted of Dakin’s solution, iodine and saline were measured with the radius of zone of
inhibition while any solutions with antibiotic in it were measured with the diameter. S.
aureus, S. epidermidis, and P. aeruginosa were tested on two plates each on Figures 31,
32, and 33, respectively. All three bacteria showed little to no results for negative control
and just the wash with no antibiotic supplement. Only S. epidermidis on Figure 32 has
1mm zone of inhibition for the wash which may not be significant.
Antibiotics used on P. aeruginosa, were negative in seeing a change in zone of
inhibition as seen on Figure 33. Further studies will be needed to reevaluate the
effectiveness on Polymyxin B and bacitracin on P. aeruginosa. These results for
Polymyxin B and Bacitracin were also seen similar in Figure 31 and 32 for S.
epidermidis. In previous studies, results for S. epidermidis indicate when bacitracin is
supplemented with either 1% LTP or GTP, there is roughly 50-100% increase in zone of
inhibition (Haghjoo et al., 2013). However, S. aureus had 19mm zone of inhibition with
bacitracin. Technical error such as possible contamination could have affected the results,
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however the plates had confluent growth with no visible difference in phenotypic growth
which suggests the growth was relative to one species. Another reason could be the
concentration of the antibiotics are too diluted to be effective. The rate of infection, albeit
low, and the effectiveness of antibiotics used when diluted seen in this study suggests
further studies are require to look for the optimal concentration and method to treating
prosthetic joint infection.
Results with S. aureus were not consistent with P. aeruginosa and S. epidermidis.
The zone of inhibition for bacitracin was much effective compared to Polymyxin. Studies
show that bacitracin is an inhibitor of the second stage peptidoglycan biosynthesis
pathway for the cell way, particular the second stage utilizing uridine nucleotide
precursors to form linear peptidoglycan strands (Siewert and Strominger 1967). Results
remained the same when bacitracin was combined with the wash with 19mm zone of
inhibition but when supplemented with antiseptic wash and Polymyxin, the zone of
inhibition increased to 21mm. Studies on bacitracin in gram-negative bacteria suggests
Polymyxin b acts synergistically with bacitracin, rifampicin or lysozyme due to its
disruption of the outer membrane permeability (Rosenthal and Storm 1977). The results
remain the same when additional supplement of 250ug/mL of EGCG-S was added. The
results indicate that with the addition of 250ug/mL of EGCG-S, there was no additional
increase in zone of inhibition which conflicts with current data from this study on cell
viability seen in colony forming units and fluorescent microscopy. These results suggests
more study needs to be performed to fully understand the synergistic effect between
EGCG-S and current surgical irrigation protocol.
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When polymyxin b and bacitracin antibiotic results from Figure 31-33 were
compared to commercially common concentration of those antibiotics seen in Figure 3435, the results differ. When the concentration of polymyxin b was 300ug compared to
polymyxin b results in figure 31-33, it had double the zone of inhibition. The zone of
inhibition was 12mm and 14mm for P. aeruginosa and S. aureus, respectively.
Polymyxin b used in surgery is diluted in 3L of 0.9% saline which results as 19.8ug
compared to 300ug. Bacitracin used in surgery is also diluted in 3L of 0.9% saline which
results as 225ug which had a zone of inhibition 10mm and 18mm for P. aeruginosa and
S. epidermidis, respectively. These antibiotic disks (PB300 and BIO) are sterile disks
impregnated with different antibiotic concentration and are used as standards to
determine antimicrobial susceptibility. These results suggests that antibiotics used to
irrigate an infected prosthetic may not be as effective as it may seem to be. The zone of
inhibitions for both concentrations of antibiotics worked considerably less effective on P.
aeruginosa and S. aureus. However S. aureus seems to be more susceptible to bacitracin.
Studies show that when using an antibiotic irrigation supplemented with saline at 50,000
units of Polymyxin and bacitracin for antimicrobial prophylaxis on spinal surgery, the
efficacy of wound infection prevention has been unproven with lack of consistency
(Savitz et al., 1998).
The next step in the study was to evaluate different concentrations of antiseptic
and antibiotics that are used in the irrigation protocol and look for a more effective
concentration. Experiments done on Figure 35-37 are seen with current concentration of
Polymyxin B, bacitracin, and iodine labeled as (IX) compared to increase concentration
(10X and lOOx) and tea polyphenols at 250 and 500 ug/mL at lx and lOx concentration;
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2.5mg and 5mg respectively. As expected, as the concentration of antiseptics and
antibiotics used were increased, so did the zone of inhibition with the exception of iodine
on P. aeruginosa seen in Figure 35 labels G and H. Iodine’s effect on gram-positive
species seem to be effective rather than gram-negative species. Povidone-iodine is known
to interact with cell walls, ultimately causing pore formation which leads to losing
cytosol material and enzymatic degradation (Shreier et al., 2009). Bacitracin appears to
be more effective than Polymyxin B when given at a high dosage in all three species
which indicates bacitracin is more effective than Polymyxin b in treating infections
caused by P. aeruginosa, S. aureus, and S. epidermidis. Results for S. epidermidisi S.
aureus and P. aeruginosa zone of inhibition for 1OOx of current concentration of
bacitracin versus lx of current concentration were increased from 19mm to 29mm, 24mm
to 36mm and 14mm to 16mm, respectively. Figure 35 represents S. epidermidis
susceptibility of EGCG-S compared to bacitracin and Polymyxin b on labels C, F, J and
L. The results indicate there were minimal effect on S. epidermidis growth which
contradicts current literature. However, studies were done using 1% LTP and GTP which
could suggests that concentrations of tea derivatives should be increased. Also additional
studies need to determine the significance of the study as it also contradicts with
fluorescent and cell viability studies. Likewise for Figure 36 for results on S. aureus
susceptibility. Only figure 37 showed similar but positive results for an increase zone of
inhibition compared to gram-positive staphylococcal species used in this study. P.
aeruginosa conflicting results showing inverse relationship between concentration of tea
polyphenol and effectiveness seen on Figure 37 I-K. Overall, the study requires more
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experiment to determine the effect of tea polyphenols and the susceptibility of gram
positive and gram-negative bacteria in addition with current irrigation protocol.
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Current Irrigation and Debridement Method Tested Against Tea Polyphenols

Staphylococcus aureus

N - Omm
W - 0mm
WPT - 6mm
WBT - 19mm
WP - 6mm

WB - 19mm
WPBT - 21mm
P - 6mm
B - 19mm
WPB - 21mm

Figure 31. Current infected prosthetic irrigation and debridement method using
Staphylococcus aureus bacteria on Muller-Hinton plates. Zone of inhibition was
determined by measuring the diameter of the zone of inhibition. Readings for N and W
were done by measuring the radius of the zone of inhibition. N and W were antiseptic
solutions used in surgery.
N - 0.9% Saline
W - 0.9% Saline + 0.25% Dakin’s +
10% Iodine
WPT - Wash + Polymyxin B +
250ug/mL EGCG-S
WBT - Wash + Bacitracin + 250ug/mL
EGCG-S
WP - Wash + Polymyxin B

WB - Wash + Bacitracin
WPBT - Wash + Polymyxin B +
Bacitracin + 250ug/mL EGCG-S
P - Polymyxin B
B - Bacitracin

WPB - Wash + Bacitracin + Polymyxin
B
figure 31a. A Table representing each antiseptic and antibiotic combination used for the
experiment on Figure 31.
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Staphylococcus epidermidis

N - Omm
W - 1mm
WPT - 7mm
WBT - 9mm
WP - 10mm

WB - 10mm
WPBT - 7mm
P - 6mm
B —6mm
WPB - 6mm

Figure 32. Current infected prosthetic irrigation and debridement method using
Staphylococcus epidermidis bacteria on Muller-Hinton plates. Zone of inhibition was
determined by measuring the diameter of the zone of inhibition. Readings for N and W
were done by measuring the radius of the zone of inhibition. N and W were antiseptic
solutions used in surgery.

N - 0.9% Saline
W - 0.9% Saline + 0.25% Dakin’s +
10% Iodine
WPT - Wash + Polymyxin B +
250ug/mL EGCG-S
WBT - Wash + Bacitracin + 250ug/mL
EGCG-S
WP - Wash + Polymyxin B

WB - Wash + Bacitracin
WPBT - Wash + Polymyxin B +
Bacitracin + 250ug/mL EGCG-S
P - Polymyxin B
B - Bacitracin

WPB - Wash + Bacitracin + Polymyxin
B
Figure 32a. A Table representing each antiseptic and antibiotic combination used for the
experiment on Figure 32.
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Pseudomonas aeruginosa

N - Omm
W - 0mm
WPT - 6mm
WBT - 6mm
WP - 6mm

WB - 6mm
WPBT - 6mm
P - 6mm
B - 6mm
WPB - 6mm

Figure 33. Current infected prosthetic irrigation and debridement method using
Pseudomonas aeruginosa bacteria on Muller-Hinton plates. Zone of inhibition was
determined by measuring the diameter of the zone of inhibition. Readings for N and W
were done by measuring the radius of the zone of inhibition. N and W were antiseptic
solutions used in surgery.

N - 0.9% Saline
W - 0.9% Saline + 0.25% Dakin’s +
10% Iodine
WPT - Wash + Polymyxin B +
250ug/mL EGCG-S
WBT - Wash + Bacitracin + 250ug/mL
EGCG-S
WP - Wash + Polymyxin B

WB - Wash + Bacitracin
WPBT - Wash + Polymyxin B +
Bacitracin + 250ug/mL EGCG-S
P - Polymyxin B
B - Bacitracin

WPB - Wash + Bacitracin + Polymyxin
B
figure 33a. A Table representing each antiseptic and antibiotic combination used for the
experiment on Figure 33.
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Pseudomonas aeruginosa

Staphylococcus epidermidis

*

Polymyxin B (P)- 12mm

Polymyxin B (P)- 14mm

Bacitracin (B) - 10mm

Bacitracin (B) - 18mm

Figure 34. The zone of inhibition using Polymyxin B(300ug) and Bacitracin (lOug) were
both tested on Muller-Hinton plates against the growth susceptibility of Pseudomonas
aeruginosa and Staphylococcus epidermidis, respectively. Plates were aseptically
inoculated with each individual bacteria and incubated for one day at 37°C.
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Current Antibiotic Treatment Tested Using Disk Diffusion

A-100x Bacitracin-15mm

G-25H Iodine-6 nun

B-lOx Bacitracin-6mm

H-2.546 Iodme-6mm

C-lx Bantracm-6mm

MOx of 250 EGCG~S--6mm

D IOCtl Polymyxin-14mm

J-lx of 250 EGCG-S-6mm

E lOx Polymyxui*ómm

K-lOx of 500 EGCG-S-6mm

Fix Polymyxin-6mm

L-lx of 500 EGCG-S-€mm

Figure 35. Kirby-Bauer method on current antiseptic and antibiotic concentrations on P.
aeruginosa. Current concentrations are represented with IX which is seen for C, F, and
H. Concentrations at lx were tested with increasing concentrations and EGCG-S. lOx and
1OOx means the concentration is ten times and one hundred times more than what is
currently used in the irrigation and debridement protocol, respectively.
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Figure 36. Kirby-Bauer method on current antiseptic and antibiotic concentrations on S.
aureus. Current concentrations are represented with IX which is seen for C, F, and H.
Concentrations at lx were tested with increasing concentrations and EGCG-S. lOx and
lOOx means the concentration is ten times and one hundred times more than what is
currently used in the irrigation and debridement protocol, respectively.
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Figure 37. Kirby-Bauer method on current antiseptic and antibiotic concentrations on S.
epidermidis. Current concentrations are represented with IX which is seen for C, F, and
H. Concentrations at lx were tested with increasing concentrations and EGCG-S. lOx and
1OOx means the concentration is ten times and one hundred times more than what is
currently used in the irrigation and debridement protocol, respectively.
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Conclusion
Taken together, the overall data on green tea polyphenols and their
effect on Staphylococcus aureus, Staphylococcus epidermidis, and
Pseudomonas aeruginosa suggests that different tea polyphenols have
different effects on cell wall integrity and biofilm production. These effects
are seen as dose dependent of the concentration of tea polyphenols versus
the relative effectiveness as an antimicrobial agent. In particular, the
possibility to use EGCG-S as a surgical wound closure during initial
implantation is very promising as relative long term studies such as the
crystal violet assay showed that even after four days of incubation, biofilm
forming capabilities from P. aeruginosa, S. aureus, and S. epidermidis are
very limited with results as low as 96% using at least 250ug/mL of EGCG-S
or LTP. In other words, if EGCG-S or LTP could potentially be used as an
intraoperative wound irrigation solution in patients to prevent bacteria
proliferation that could eventually lead to an infected prosthetic. In
particular, if the wound was to be closed and heal for several days, the
effectiveness and stability of EGCG-S may play a role in reducing bacterial
growth. The results were again seen in other preliminary long term studies
such as the fluorescent microscopy and scanning electron microscopy. Short
term studies such as the colony forming units also showed approximately
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90% inhibition in cell viability which is also seen in fluorescent microscopy
after 4 days of incubation. In other words, EGCG-S and LTP can disrupt
bacterial cell membrane and damage the integrity of the structure and
interrupt propagation. This can be translated into a novel surgical washout
solution to reduce patients going into a two-stage reimplantation surgery that
could potentially cause further complications for the patient. It can be
concluded that green tea polyphenols and its derivatives analyzed in this
study have strong inhibitory effects on biofîlm formation and cell viability
on gram-positive and gram-negative bacteria species related to prosthetic
?

joint infections. Particularly, lipophilic derivatives with increase stability
such as EGCG-S and LTP are more effective and can be potentially
integrated into intraoperative wound irrigations in the future.
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Future Studies
Further experiments is needed to evaluate a possible enhanced synergistic effect
between epigallocatechin gallate-stearate and current irrigation and debridement method.
Additional experiments are also require to evaluate combination of bacteria such as
competitive growth study and biochemical analysis. Additional experiments include
molecular analysis on gene expression of single organism study and combination study
with exposure to EGCG-S. Molecular studies will also aim at time kill study to assess
which genes are initially repressed and which genes are down-regulated or up-regulated
as time increases.
The ability for EGCG-S to compromise matured biofilm is also intriguing and
further research is needed to understand the mechanism of how EGCG-S can break down
biofilm. Understanding the mechanism behind the breakdown of biofilm formation after
maturation can provide an insight on reducing chronic infections in prosthetic joint
infection.
Future studies will determine how EGCG-S works on the physiology and function
of bacteria cells. The data could further the next step in the study and immunology
evaluation can be used to understand potential enhanced local immune response,
particular to the infection. These data can be used to create a potential nontoxic organic
surgical solution for prosthetic arthroplasty surgery to eliminate acute infections and
reduce chronic prosthetic joint infections.
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